Background. Leptospirosis caused by pathogenic Leptospira spp leads to kidney damage that may progress to chronic kidney disease. However, how leptospiral infections induced renal damage is unclear.
Leptospirosis, an infectious disease caused by pathogenic Leptospira spp, occurs more often in tropical areas with heavy rainfall and is a re-emerging worldwide public health problem with an increasing incidence [1] . Renal failure is one of the clinical syndromes observed in leptospirosis, characterized by tubulointerstitial nephritis and tubular dysfunction [2] . In chronic infection, pathogenic leptospires may colonize and persist in renal proximal tubules, leading to the progression of tubulointerstitial nephritis and fibrosis in mice [3] . Clinical studies of renal lesions associated with leptospirosis have indicated that Leptospira spp may induce kidney injury in humans [4, 5] . In our previous study, we conducted a multistage sampling survey in Taiwan that indicated Leptospira exposure may induce chronic kidney disease (CKD) in humans [5] . The mechanism of leptospirosis-induced tubulointerstitial nephritis and fibrosis during chronic leptospiral infection have not been fully elucidated.
Numerous studies of leptospirosis-associated interstitial nephritis and chronic infection have been described in mice [6] . It has been previously shown that that Toll-like receptors (TLRs), inducible nitric-oxide synthase, and Na/K-ATPase may play roles in leptospiral infection in mice [7] [8] [9] . In addition, in vitro studies suggest that pathogenic Leptospira spp may evade the host innate immune response to infection through its resistance to the complement system [10] . Significant differences in transcript levels of cytokine and chemokine genes were investigated and reported in kidneys of Leptospira-infected animals [11] . Findings regarding cytokine and chemokine cascades could explain the role of renal microenvironments involved in kidney damage caused by Leptospira.
A number of transcriptomic studies associated with leptospiral infection have been performed; however, most of these studies focused on genome-wide transcriptional profiling in bacteria [12, 13] . To date, studies of the host transcriptomic changes associated with leptospiral infection have been reported in cell infection models [14, 15] . To understand global changes in renal gene expression during leptospiral infection, we performed comprehensive transcriptome profiling in murine kidneys-leptospires interactions.
The aim of this study is to discuss a global analysis of renal gene expression associated with renal damage that was induced by leptospiral infection using experimental murine models.
We profiled the renal transcriptome of C57BL/6 mice infected with pathogenic and non-pathogenic leptospires, respectively, and analyzed the contribution of possible signaling pathways to a chronic leptospiral infection-induced nephritis and renal fibrosis. Our results provide important information for understanding the biology and pathogenesis of the infectious disease. Details about the transcriptional regulation during infection may shed light on the molecular pathogenic mechanisms underlying leptospiral infection-mediated kidney injury.
MATERIALS AND METHODS

Bacterial Culture
Leptospira interrogans serovar Copenhageni Fiocruz L1-130 (American Type Culture Collection [ATCC] BAA-1198; pathogenic species) and Leptospira biflexa serovar Patoc (ATCC 23582; non-pathogenic species) were propagated at 28°C under aerobic conditions in medium containing Leptospira enrichment Elinghausen-McCullough-Johnson-Harris (EMJH) medium (BD Diagnostics) and Leptospira medium base EMJM medium (Difco, Sparks, MD). Bacterial densities were measured using a CASY-Model TT cell counter and analyzer (CasyTechnology, Roche Innovatis AG, Reutlingen, Germany).
Mouse Strains and Infection
C57BL/6 female mice aged 6-8 weeks were inoculated intraperitoneally with a high infective dose of Leptospira spp, and the control groups were inoculated with sterile EMJH medium [16] . The mice were sacrificed at 7 and 28 days postinfection, respectively, and the kidneys were harvested. All animal experiments required Animal Biosafety Level 2 conditions and followed all appropriate guidelines for the use and handling of infected animals. All animal procedures and experimental protocols were approved by the Institutional Animal Care and Use Committee of the Chang Gung Memorial Hospital in Taiwan (no. 2015120101).
Ribonucleic Acid Preparation
Total ribonucleic acid (RNA) was extracted from kidneys using the TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. The quantity and integrity of extracted RNA were verified using a Nano-Drop spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Next-Generation Sequencing and Microarray Processing
Total RNA samples for RNA-sequencing (RNA-seq) were converted to complementary deoxyribonucleic acid (cDNA) using the Ovation RNA-seq System V2 (NuGEN Technologies, San Carlos, CA). Library construction was performed using the Ovation Ultralow Library System V2 1-96 (NuGEN). Sequencing was performed on the Illumina HiSeq 2000 sequencing platform (Illumina, San Diego, CA) with a 100-nucleotide (nt) paired-end setting. The raw data were filtered using the CLC Genomics Workbench veresion 8.0, on the basis of the Per Base Sequence Quality Score ≥20. To quantify transcript expression, the sequencing data were mapped to the Mus_mus-culus GRCm38 reference genome and mapped the remaining unmapped reads to the leptospiral genome. Total RNA samples for microarray detection were transcribed into cDNA and subjected to the GeneChip Mouse Transcriptome Assay 1.0 (Affymetrix, Santa Clara, CA). The Affymetrix data have been deposited in National Center for Biotechnology Information's Gene Expression Omnibus [17] and are accessible through Gene Expression Omnibus accession number GSE111249.
Bioinformatics Analyses
Gene expression levels in the RNA-seq analysis were measured as reads per kilobase million (RPKM) value. A set of 15 949 genes (of the total 46 202 annotated genes) having a median RPKM value for all samples larger than 0.05 were considered to be expressed. The RPKM values were log transformed and tested using analysis of variance with Partek Genomics Suite software (Partek, St. Louis, MO). Genes presenting a fold change greater than 2 or less than −2 and P < .05 were selected as differentially expressed genes (DEGs). The hierarchical clustering was plotted using the Partek Genomics Suite software. The DEGs were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis using the Partek Pathway (Partek).
Real-Time Quantitative Polymearse Chain Reaction
Real-time quantitative polymearse chain reaction (qPCR) was performed on an ABI ViiA7 real-time PCR system (Applied Biosystems) using TaqMan gene expression assays. The 24 genes of interest were selected for confirmation, using TBP as an endogenous control (Supplementary Table 1 ).
RESULTS
Experimental Design: Renal Transcriptome in Mice Infected With
Leptospira Species
To study global transcriptional responses in kidneys after leptospiral infection, the kidneys of mice infected with L interrogans and L biflexa, respectively, and those of EMJH medium-treated control mice, were harvested for histological observations. Histopathological examination of kidneys from L interrogans-infected mice at day 28 postinfection showed inflammatory infiltrates and fibrosis with a milder intensity than those in the kidneys from L biflexa-infected and uninfected mice. The renal histopathological investigations revealed the degree of tubulointerstitial lesions slightly increased in kidneys from L interrogans-infected mice at day 28 postinfection (Supplementary Figure 1A , B, and C). Concomitant to evaluation of tubulointerstitial lesions in kidneys, the presence of pathogenic leptospires was also detected in kidney tissue and urine from infected mice (Supplementary Figure 1D and E) . Hence, we selected 3 independent samples in each group for renal transcriptome studies, and the workflow is outlined in Figure 1 .
Leptospiral Genes Identified in the Kidneys of Mice
We monitored renal transcriptome profiles by applying a RNAseq analysis. An average of 57 million clean 94-to 95-nt reads were obtained for each sample, and approximately 98% of these reads were successfully mapped to the mouse genome (Supplementary Table 2 ). Moreover, we mapped the remaining unmapped reads to the leptospiral genome. There were 29 leptospiral genes detected in the RNA-seq data at day 28 postinfection with leptospires, whereas none were detected in kidneys at day 7 postinfection (Supplementary Table 3 ). Three of these genes were consistent with our previous work [18] and were validated by PCR (Supplementary Figure 2) . Together with previous results (Supplementary Figure 1D and E), these data support that pathogenic leptospires were localized in the kidney at day 28 postinfection. Therefore, we further investigated the signaling pathways involved in renal lesions caused by chronic leptospirosis.
Identification of Differentially Expressed Renal Genes
We identified DEGs from the RNA-seq and microarray data ( Table 1) . At day 7 postinfection, the group infected with L interrogans versus the noninfected group (714 genes) included 629 up-regulated and 85 down-regulated genes identified from the RNA-seq data. At day 28 postinfection, the group infected with L interrogans versus the noninfected group (1089 genes) included 1062 up-regulated and 27 down-regulated DEGs. The microarray analysis identified the 467 significantly DEGs in the kidneys of mice infected with L interrogans at day 7 postinfection and the 927 transcripts significantly differentially expressed in these kidneys at day 28 postinfection.
According to the corresponding Ensembl Gene identification, comprehensive analysis of RNA-seq and microarray gene expression consistency showed that 202 (the 512 and 265 genes that were uniquely identified from the RNA-seq and microarray datasets, respectively) and 424 (the 665 and 503 genes that were uniquely identified from the RNA-seq and microarray datasets, respectively) genes were found to be differentially expressed in mice with pathogenic leptospiral infection after day 7 and 28, respectively ( Table 1) .
The validation of DEGs in the renal transcriptome was conducted using real-time qPCR, as shown in Table 2 [19] [20] [21] [22] [23] [24] [25] [26] . We infer that DEGs that overlapped between the RNA-seq and microarray datasets were more significantly affected in response to leptospiral infection (for example, in groups for L interrogans at day 7 postinfection: BGN, P2RX7, CSF1, and HAVCR1; groups for L interrogans at day 28 postinfection: IL1β, BGN, P2RX7, MCP1, and CSF1) ( Table 2 Table 2 ). Our findings showed that the real-time qPCR data were more consistent with the RNA-seq data. Hence, our after analysis focused on the DEGs identified from RNA-seq results.
Comparative Pathway Analysis Between Renal Transcriptome of Pathogen and Nonpathogen-Infected Mice
We compared the different renal transcriptome of mice infected with L interrogans or L biflexa at different time points postinfection (Table 1 ; Supplementary Figures 3 and 4) . Supplementary  Tables 4 and 5 list the unique and shared DEGs of pathogenic and non-pathogenic Leptospira species-infected mice between both groups at 2 different time points after infection. Overall, the number of DEGs was higher in pathogen infection groups than in nonpathogen infection groups at both postinfection time points, and most DEGs were up-regulated in pathogenic Leptospira species-infected mice. This might reflect that the complexity of renal transcriptome responses were induced by L interrogans.
To understand the biological processes associated with host responses to leptospiral infection, we performed GO enrichment analysis (P < 1E-5). The results showed that 714 and 1089 significantly DEGs identified from renal transcriptomes of mice infected with L interrogans were enriched, with 549 and 779 GO terms at day 7 and 8 postinfection, respectively. In Figure 2 , we list the top 30 significantly enriched GO terms, whereas these enriched GO terms were also found in the microarray results. In addition, the number of DEGs enriched in each GO terms was higher in groups at day 28 than in groups at day 7 postinfection (Figure 2) . Moreover, the differentially expressed genes in the non-pathogenic leptospiral infection group at day 7 postinfection showed no significant hits in the GO database.
To further elucidate the function of DEGs in renal transcriptome after leptospiral infection, a KEGG pathway enrichment analysis (P < 1E-4) was performed, and results are depicted in Supplementary Tables 6 and 7 . No pathway was significantly enriched in the non-pathogenic L biflexa infection group at day 7 postinfection. Comparing pathways between pathogenic and non-pathogenic Leptospira species infection groups at day 28 postinfection shows that TLR signaling pathways, complement/ coagulation cascades, tumor necrosis factor (TNF) signaling pathway, chemokine signaling pathway, and cytokine-cytokine receptor interaction were significantly enriched in the pathogenic L interrogans infection group but not in L biflexa infection group. Hence, we infer that these functionally enriched pathways obtained from pathogenic leptospires infection groups might have important roles in kidney injury caused by leptospiral infection.
Leptospires Induced Toll-Like Receptor Signaling Pathways in Kidneys
The activation of TLR signaling through recognition of bacterial constituents leads to the host defense against invading pathogens and subsequent production of chemokines [27] . At day 7 postinfection with pathogen, DEGs were significantly enriched in TLR signaling pathways, leading to regulate gene expression profiles including the production of early inflammatory (TNFα, CCL5, and CCL2) and costimulatory molecules such as CD86, intercellular adhesion molecule (ICAM)1, and major histocompatibility complex (MHC) class I/II ( Figure 3A) . Figure 3B shows that TLRs initiate downstream signaling cascades to induce inflammatory cytokines (TNFα/IL1β), chemokines (CCL2/CCL5), chemokine receptors (CCR2/CCR1), and led to the production of CD86, CD83, CD80, CD40, CD69, ICAM1, and MHC class I/II molecules. Previous studies have shown that CCL2 is mainly expressed in the tubulointerstitial regions of the kidney in lupus-prone mice and CCL2/CCR2 are involved in the regulation of T-cell activation/differentiation [28] . In addition, CCL5/CCR1 is essential for T cell, macrophage, and neutrophil infiltration in the tubulointerstitial region of the kidney [29] . Hence, TLRs expressed on kidney injury caused by leptospiral infection plays a crucial role in the induction of inflammation and injury, indicating that TLRs may modulate the microenvironment and induce the complex regulation of cytokine gene expression in kidney.
Leptospires Induced Complement-Related Pathways in Kidneys
The activation of the classic, alternative, and/or lectin-induced complement pathways triggers phagocytosis through the opsonization of antigens, inflammation by attracting macrophages/neutrophils, and membrane attack by rupturing the membranes of pathogens/damaged cells [30] . Figure 4 shows that the C5/C6/C9 transcript that is not differentially expressed and the down-regulation of the C8 gene were found in the pathogen infection groups at day 7 postinfection. In addition, the C5, C6, C8, and C9 transcripts that were not differentially expressed were found in the pathogen infection groups at day 28 postinfection, suggesting that the membrane attack complex a Expression was presented as the fold change compared with noninfected mice.
b Fold change using the RPKM values of the transcript. Fold changes followed by a * have P < .05. The P values were calculated from comparing infected (n = 3) with noninfected mice (n = 3).
c Fold changes followed by a * have P < .05. The P values were calculated from comparing infected (n = 3) with noninfected mice (n = 3).
d Fold change was determined using the comparative CT method [50] . Fold-differences were calculated using the standard deviation of the ΔΔCT value and are expressed as a range (minimum to maximum) of fold change; TBP was used as an internal control; n = 5-6 separate mice in groups for L biflexa infection, and n = 6-7 separate mice in groups for L interrogans infection; technical duplication for all of the genes in samples. pore is not formed or formed as an inactive complex in the kidneys of mice infected with leptospires. Furthermore, the up-regulation of transcripts for C5AR1, C3AR1, α-M integrin, and α-X integrin suggests the activation of proinflammatory responses and the crosstalk of the immune system such as phagocytosis, cell-mediated cytotoxicity, chemotaxis, anaphylation, and cellular activation [30, 31] . Hence, we infer that the complement-induced immune responses might be present in the kidneys of mice infected with L interrogans. Animal studies have shown that the activation of C3 contribute to the development of progressive renal fibrosis during experimental obstructive nephropathy [32] . Our results showed the elevation of C3 and C4 in the renal transcriptome after pathogen infection, suggesting that C3 may play an important role in the renal defense mechanism. Genes related to complement-modulating proteins, such as the C1 inhibitor, factor H and factor I, were significantly up-regulated and revealed the regulation of complement activation upon L interrogans infection. We infer that pathogenic leptospires escape the complement-mediated killing and conclude that complement-mediated tissue damage might be implicated in the progression of pathogenic leptospiral infection-induced kidneys injury.
Leptospires Induced Immune-Related Pathways in Kidneys
As listed in Supplementary Table 6 , results show that immunity plays a significant role in renal injuries after L interrogans infection. A schematic illustration of the cell-to-cell interactions during immune regulation is shown in Figure 5 . It is interesting to note that genes involved in the formation of the immunological synapse, a nanoscale gap between T cells and antigen presenting cells, were enriched in the kidneys of mice infected with pathogen, but not in those infected with nonpathogen. The formation of the immunological synapse supports the notion that these supramolecular clusters might induce T-cell activation and signaling.
Interleukin (IL)18 plays an important role in the T-helper 1(Th1)-mediated immune responses and in the host protection against intracellular pathogens infection [33] . The up-regulated expression of IL18 and its receptors IL18R1/IL18RAP was found in the renal transcriptomes of mice infected with pathogen at day 28 postinfection, suggesting an important contribution of IL18-mediated Th1 immunity in kidney injury after leptospiral infection ( Figure 5B ). Interleukin 18 may contribute to the renal damage caused by L interrogans infection. We suggest that IL18 blockade, such as IL18-binding protein production, and IL37, the IL18 contraregulatory protein, may have potential as a Symbols are as follows: red italic letters indicate significantly up-regulated transcripts; green italic letters indicate significantly down-regulated transcripts; dark italic letters underlined indicate that these genes had no significant differences in expression levels; blue square indicates receptors in the plasma membrane; and * indicate that genes were consistent with the results obtained from microarray results.
therapeutic strategies in CKD caused by L interrogans infection [34, 35] .
We performed hierarchical clustering analysis on these significant DEGs. This analysis revealed that 26 immune-related genes such as LBP, FCGR1, SYK, IL33, COLLA1, IRF7, NCF1, and TLR2 in the L interrogans-infected renal transcriptome were differentially expressed, as shown in Figure 5C and Supplementary Table 8 . These genes are involved in the cytoskeletal regulation, superoxide anion production, complement systems activation, immune responses regulation, and cell-cell recognition.
DISCUSSION
The study presented the first report characterizing the renal transcriptional profile of mice infected with Leptospira spp, and this work was performed for detection of both leptospires and renal transcripts during infection. We found that molecules from leptospires such as LipL32 and OmpL47 were identified in renal transcriptome of mice infected with L interrogans. These outer membrane proteins have been reported as host interaction proteins in leptospires [36] [37] [38] . LipL32 is known to interact directly with TLR2 and OmpL47 and has been reported to bind to laminin, fibronectin, fibrinogen, and collagen type III [38] . 
Chemotaxis; Anaphylation Our findings provide insights into the possibility of the interactions of leptospires within kidneys that may establish chronic leptospiral colonization of the renal tubules to induce persistent immune cell-mediated renal damage. Several immune response-related enriched pathways were found in non-pathogenic leptospiral infection groups at day 28; however, key molecules such as TCR molecules for T-cell activation were not significantly differentially expressed. Meanwhile, those molecules were found significantly expressed in pathogenic leptospiral infection groups. Therefore, we speculate that some pathogenic leptospires such as L interrogans induces persistent immune responses and T-cell activation/development, leading to CKD. Chemokines participate Th1 immune responses during renal injury and tissue fibrosis [39, 40] . Evidences reveal that increase levels of CCL2 are associated with progressive tubulointerstitial disease/renal fibrosis and up-regulation of CCR5 ligands (CCL3, CCL4, and CCL5) correlates with the recruitment of monocytes/T cells [41, 42] . Our results show that CCL2 versus its receptor CCR2 and CCL4/CCL3/CCL5 versus their receptors CCR1/CCR5 were up-regulated during progressive kidney injury in pathogenic leptospiral-infected mice. Furthermore, an increased expression level of CXCL9/CXCL10 and their receptors CXCR3 was found in the renal transcriptomes of mice infected with pathogenic leptospires at day 28 postinfection.
Experimental evidence for renal fibrosis in hamsters caused by chronic leptospiral infection has demonstrated that proinflammatory IL1β/TNFα, IL10, chemokines macrophage-inflammatory protein-1α/CCL3, and IP-10/CXCL10 were up-regulated in damaged kidneys [11] . Our results show that the expressions of IL1β/TNFα, IL10, and CCL3/CXCL10 messenger RNA were also up-regulated in damaged kidneys caused by infection of pathogenic Leptospira spp in mice. In our study, the expression of the TGFβ transcript, COLLA1 for collagen type I, and COL3A1 for collagen type III were all up-regulated in the renal transcriptomes of mice infected with pathogenic leptospires. Hence, collagen I and III might participate in leptospiral infection-induced renal fibrosis [43] . Furthermore, MARCKS-like protein 1 ([MARCKSL1] cytoskeleton-associated proteins associated with cell spreading) transcript was elevated in the renal transcriptomes of mice infected with pathogenic leptospires, suggesting a role in dynamics of cellular spreading in kidneys during leptospiral infection [44] . Reactive oxygen species exert modulating effects on inflammation and have roles in the regulation of immune responses [45] . Our finding also suggests that the production of superoxide anions may be a portion of injury mechanisms participated in renal damage caused by chronic leptospiral infection.
It is notable that the up-regulated expression of runt-related transcription factors 3 (RUNX3) transcript (7.75-fold change; P < .05) was only found in the renal transcriptomes of mice infected with pathogenic leptospires at day 28 postinfection. Previous studies demonstrated that Runx3 expression is up-regulated during Th1 differentiation and circulating human CD4 + CD25 high CD127 − T regulatory (Treg) cells [46, 47] . Future studies are needed to further investigate the roles of Runx3 in Treg cells from kidney injury caused by leptospiral infection.
Previous studies have reported that subversion of innate immunity by pathogen-induced complement-TLR crosstalk pathways has the potential to modulate the host response in ways that favor pathogen persistence and interfere with host protective immunity [48, 49] . Moreover, C57BL/6 mice deficient for the decay-accelerating factor, an early regulator of complement cascades, are more susceptible to infection with L interrogans [43] . Our results confirm that TLR signaling complements activation, and Th1 type immune responses were strongly associated with progressive tubulointerstitial damage caused by pathogenic leptospiral infection. Hence, we speculate that pathogenic leptospiral infections may alter the microenvironment to induce cell-to-cell interactions, leading to chronic inflammatory disorder in kidneys. Moreover, chronic leptospiral infections via complement-TLR crosstalk pathways may play a detrimental role in T cell-mediated renal injury.
CONCLUSIONS
The new insight of the molecular mechanisms underlying complement-TLR crosstalk pathways in our study could bring focus on development either alone or both of the therapeutic strategies in the treatment of kidney diseases caused by chronic leptospiral infection. These results provide a better understanding of the interaction between the host and Leptospira spp in chronic renal infections. the editors consider relevant to the content of the manuscript have been disclosed.
